The 16 samples of Deep Sea Drilling Project (DSDP) Leg 89 basalts that we analyzed for whole rock major and trace elements and for mineralogic compositions are identical to some of the basalts recovered during Leg 61. Leg 89 samples are mostly olivine-plagioclase-clinopyroxene sparsely phyric basalts and exhibit a wide variety of textures. These basalts have lower TiO 2 at a given Mg/(Mg + Fe 2 + ) × 100 than MO RB (midocean ridge basalt). We recognize three major chemical types of basalts in the Nauru Basin. We believe that different degrees of partial melting, modified by fractional crystallization and possibly by magma mixing at shallow depths, can explain the chemical differences among the three groups. This petrogenetic model is consistent with the observed downhole chemical-chronostratigraphic relations of the samples.
INTRODUCTION
Midocean ridges commonly produce light-rare-earthelement (LREE) depleted basalts known as "normal midocean ridge basalt," or N-type MORB. Their trace element abundances and isotope ratios indicate that they are produced by melting of a mantle source rock, probably peridotite, which has previously been depleted of large-ion lithophile (LIL) or incompatible trace elements such as U, Rb, K, and La. Previous melting to produce continental crust is widely believed to be a likely cause of this observed depletion of certain portions of the mantle. Instead of producing normal MORB, some ridge crest segments erupt voluminous basalt that apparently is produced by melting of mantle sources relatively less depleted or even enriched (relative to chondritic meteorites) in LREE and other incompatible trace elements (Schilling et al., 1983) . These less-depleted mantle sources are similar to those that feed large off-ridge linear island chains and are assumed to be located deeper in the mantle than the strongly depleted source of normal MORB (Gast, 1970; Schilling, 1973) .
Recently, this simple picture has been complicated in two major ways. First, additional isotope data, especially 3 He/ 4 He data, suggest that the mantle contains at least three and possibly more distinct reservoirs capable of producing basalt (Zindler et al., 1982; Hamelin et Moberly, R., Schlanger, S. O., et al., Init. Repts. DSDP, 89 : Washington (U.S. Govt. Printing Office).
2 Addresses: (Castillo and Batiza) Department of Earth and Planetary Sciences, Washington University, St. Louis, MO 63130; (Stern) Programs in Geosciences, University of Texas at Dallas, Richardson, TX 75080. al., 1984; Allegre et al., 1983) . Second, isotope ratios of small non-hot spot volcanoes near ridge crests provide evidence that the upper mantle source of normal MORB is very heterogeneous and may be capable of producing the range of observed oceanic basalt types (Batiza and Vanko, 1984; Zindler et al., 1984) .
The picture that emerges is one of a variably mixed but not completely homogenized upper mantle that contains a variety of ultramafic rocks with diverse and distinct histories. In addition, because the upper mantle is essentially a high-grade metamorphic regime, open-system metasomatic redistribution of volatile chemical components may occur. These superimposed secondary processes can add further complications and hinder simple interpretation of mantle history from basalt compositions and isotope ratios. Despite these complications, however, there is apparently a first-order simplicity to the distribution of oceanic volcanic rocks: mainly depleted tholeiite at ridge crests and mainly less-depleted alkalic basalts off-ridge.
The thick basalt complex in the Nauru Basin is very interesting in this context: whereas most mineralogic and chemical composition features of the basalts of this complex resemble MORB, in others they differ from MORB. Even so, it is apparent from many independent lines of evidence that the Nauru Basin basalts did not originate at a ridge crest. Nauru Basin basalts are, for the most part, depleted in LREE and other incompatible trace elements. However, their isotopic ratios are not in the range of N-type MORB values, and their TiO 2 contents and certain trace element ratios are somewhat unusual for N-type MORB. Furthermore, the Nauru Basin basalts have not built up massive volcanic edifices. Instead, the Nauru Basin basalts form a thick and probably extensive tabular unit. Because the complex consists predominantly of volcanic flows, it has been suggested that it may represent the submarine equivalent of continental flood basalts (see Saunders, this volume). Thick tabular (nonedifice-building volcanism) oceanic basalt complexes are also known to occur in the Caribbean (Bence et al., 1975; Burke et al., 1978) and may be more common on a global basis than previously thought. It is thus possible that MORB-like basalts can erupt in off-ridge environments under certain circumstances.
This chapter presents new mineralogic and chemical data for Leg 89 Nauru Basin basalts and new isotopic data for Leg 61 Nauru Basin basalts. We use these new data, together with previously published data for Leg 61 samples, to interpret the origin of the Nauru Basin complex. Finally, we attempt to integrate our petrogenetic interpretations of the Nauru Basin complex with chronologic information and geophysical characteristics to interpret the tectonic setting of the igneous complex in the context of the geologic history of the central Pacific.
BACKGROUND
Drilling in the Nauru Basin was initiated at Site 462 ( Fig. 1 ) during DSDP Leg 61 ; Hole 462A, a deep multiple reentry hole, penetrated about 560 m of pelagic sediments, turbidites, and volcaniclastic sediments and about 500 m of the igneous complex. The site was revisited during DSDP Leg 89; continued drilling at Site 462 recovered an additional 140.5 m of basalt flows. Figure 2 shows the simplified stratigraphy of Hole 462A. The upper part of the igneous complex consists of sills that intrude clay stones, siltstones, and shales containing late Albian (100-105 Ma) fossils. These sills comprise two distinct chemical types (Types 2 and 3), but because they are intrusive bodies, their relative ages are not known. Nevertheless, the base of Type 3 sills (Core 462A-32) was dated by the ^Ar/ 39 Ar method and yielded a reasonably good age of 110 ±3 Ma (Ozima et al., 1981) .
Below the sills and separated by several meters of sediments is a thick sequence of flows that makes up the bulk of the Nauru Basin volcanic complex. Rare sediment horizons within the flow complex are thought to be Aptian (114-108 Ma) (Site 462 report, this volume) but could be as old as late Tithonian (~ 135 Ma) (Schaaf, this volume). The total 40 Ar/ 39 Ar fusion age of a sample from near the top of the flow sequence is 131 ±15 Ma (Ozima et al., 1981) , in agreement with a Rb-Sr isochron age for secondary zeolites and smectites in the flows (127 ±9 Ma, S. Hart, personal communication, 1983) . These radiometric ages, though difficult to interpret with confidence, are consistent with a Hauterivian age of eruption for the flows. Inasmuch as precise fossil and radiometric ages of the flow sequence are not available, it is difficult to determine the age range of the two distinct chemical units in the flow sequence. Nevertheless, it is clear that the Type 2 flows were erupted first. Furthermore, if the inferred basement age at Hole 462A (M-26) is about 155 Ma, the entire complex was erupted offridge, and if some of the flows are dated at about 130 
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Basalt sheet flows. Ma, then this Pacific lithosphere was about 20-25 m.y. old when volcanism occurred. Alternatively, if the radiometric ages are incorrect and if the Aptian sediment ages date the volcanism, the lithosphere was about 40 to 45 m.y. old at the time of off-ridge volcanism. In any case, a second pulse of volcanism (to produce the sills) occurred later: this may have occurred either as much as 20 m.y. after the eruption of the flows or else immediately after their eruption. Age ambiguities aside, the Nauru Basin igneous complex represents a voluminous and widespread Cretaceous off-ridge magmatic event. Based on seismic reflection data, the igneous complex covers approximately 400,000 km 2 of the western Pacific . Hole 462A penetrated at least 600 m of basalts; hence, assuming an average thickness of 0.5 km, Nauru Basin volcanism represents an outpouring of at least 200,000 km 3 of magma. Previous work on the petrologic characteristics of the igneous rocks may be found in and Batiza et al. (1980) . Additional data and interpretation of Leg 61 and Leg 89 basalts from the bottom of Hole 462A are included here and in other chapters in this volume (e.g., by Saunders and by Floyd).
RESULTS AND INTERPRETATION
We analyzed 16 new samples of basalt recovered during Leg 89. Figure 3 shows their relative positions on the stratigraphic column defined by the Leg 89 shipboard scientists. We analyzed samples from all the igneous cool- 
Petrography
Thirteen of the sixteen specimens we examined are sparsely phyric (<3°/o phenocrysts) and the remaining three are aphyric and coarse grained (see Fig. 3 ). All samples including the coarse-grained aphyric samples from Units 48 and 52 show clear petrographic evidence of having been multiply saturated with olivine, Plagioclase, and clinopyroxene at the time of eruption. All the samples we examined have euhedral to subhedral olivine phenocrysts and microphenocrysts that are now entirely pseudomorphed by secondary minerals. In addition, all but the coarse-grained samples from Unit 48 and Unit 52 (Core 462A-106) have clearly recognizable phenocrysts and microphenocrysts of Plagioclase and clinopyroxene. The latter are distinguished by their larger size, subhedral form, common twinning, and concentric or sector zonation from groundmass crystals that may be either granular or interstitial.
Average grain sizes and textures vary from fine-grained quench textures to intergranular, and holocrystalline, equigranular, and subdiabasic textures (e.g., Unit 52, Section 462A-106-2). We recognize no systematic mineralogic or textural variations downhole. The textures of all the rocks we examined, including the three coarse-grained samples, are patchy. In hyalopilitic to intersertal-texture samples, this patchiness is defined by zones that differ greatly in the abundance of groundmass clinopyroxene. In medium to coarse-grained rocks, pyroxene-rich and pyroxene-poor patches can also be distinguished, but, in addition, patches of different grain sizes and textures are present. The majority of samples are hyalopilitic to intergranular and have about 10 to 20% interstitial mesostasis that is now entirely replaced by secondary minerals. Groundmass phases in the samples are clinopyroxene, Plagioclase, Fe-Ti oxides, rare pigeonite, plus a variety of secondary phases (see Floyd, this volume).
Plagioclase
As expected, Plagioclase phenocrysts are more calcic than groundmass Plagioclase in the same rock (see Table 1 and Fig. 4 
Pyroxenes
Electron microprobe analyses of pyroxene are given in Table 2 and summarized in Figure 5 . As with Leg 61 pyroxenes, the Leg 89 samples exhibit systematic relationships between pyroxene texture and chemistry. With only two exceptions (Unit 46, Sections 462A-96-1 and 462A-98-1), clinopyroxene phenocrysts are more Mg-and Ca-rich than groundmass crystals in the same rock. Section 462A-96-1 has coexisting diopsidic augite and magnesian pigeonite in the groundmass, whereas in Section 461A-98-1, phenocrysts and groundmass crystals are of the same composition (diopsidic augite). Augite phenocrysts exhibit minor (about 2 mole% En) chemical zoning that is both normal and reverse. In contrast, usual Note: P = phenocryst; M = microphenocryst; G = groundmass; C = core; R = rim. Probe conditions for these and data in Table 2 are 15 kV accelerating voltage; 20-40 namp beam current; counting times for minor elements (< 1 wt.%) were 20 to 25 s, and for major elements were 10 to 25 s. The matrix correction procedure is that described by Bence and Albee (1968) and uses the correction parameters calculated by the procedure given by Albee and Ray (1970) . differences between phenocrysts and groundmass pyroxene are much larger (up to 20 mole% En, 12 mole% Wo). Leg 61 pyroxenes exhibit very similar trends (Fig. 5 ).
Phenocrysts and groundmass pyroxene also differ greatly in Cr content as shown by Figure 6 . Furthermore, Cr content is systematically related to Fe/Mg. Phenocrysts are generally Cr-and Mg-rich, whereas corresponding groundmass crystals are Cr-poor and Fe-rich. Table 2 shows that Cr content and Ti content are generally correlated in Leg 89 pyroxenes. and Leg 61 basalts with fields for midocean ridge basalt (MORB) for reference. TiO 2 is a useful reference element because it is relatively insensitive to low temperature alteration (Bryan et al., 1981; Sun et al., 1979; Pearce and Cann, 1973) . Figure 8 shows that Nauru Basin basalts share some, but not all, characteristics of their major element composition with MORB. Moreover, these plots show very clearly that the Nauru basin basalts comprise three distinct chemical groups (see Fig. 2 ): Type 1-low (0.85-1.06%) TiO 2 basalts from about Cores 43-Core 80; Type 2-an intermediate (1.03-1.30%) TiO 2 group that occurs in the lower sill complex (Cores 35-42) and below Core 80 (i.e., Type 2 includes all Leg 89 samples); and Type 3-high (1.34 to 2.18%) but variable TiO 2 contents from the upper sill complex of Holes 462A and 462. In general, Nauru Basin basalts are systematically lower in TiO 2 and A1 2 O 3 contents but higher in CaO contents than MORB for a given Mg/(Mg + Fe 2+ ) × 100 (not shown in the figure).
Chemical Composition Major Element Abundances
Trace Element Abundances Saunders (this volume) and Floyd (this volume) give trace element data for Leg 89 and Leg 61 basalts from Hole 462A. To these and previously available data in Note: Abbreviations as in Table 1 . we add 16 trace element analyses determined by instrumental neutron activation (Table 3 ). In general, the trace element abundances of Nauru Basin basalts fall well within the range for MORB.
For example, Figure 9 shows that Nauru Basin basalts are depleted in LREE. As for the major elements and mineralogic characteristics (almost all are Ol-Pl-Cpx sparsely phyric), the trace elements of Leg 89 basalts do not vary greatly: Se = 47-52 ppm, Cr = 120-200 ppm, Hf = 1.81-2.12 ppm, Ta = 0.17-0.27 ppm. Figure 10 shows that the average chondrite-normalized (Haskin et al., 1968) La/Sm of Nauru Basin basalts is roughly constant (about 0.69) for the two chemical types (Types 1 and 2) and also that as a group they are slightly less depleted in LREE than N-type MORB samples. The three distinct chemical types recognized on the basis of major elements can also be clearly distinguished on the basis of trace elements. For example, Figure 11 shows the three distinct types on a plot of (La/Sm) N versus Sm abundance.
Stratigraphic Trends
As stated earlier, the three distinct chemical types of basalts in Hole 462A are stratigraphically restricted (see Fig. 2 ). Figure 12 shows in greater detail that Leg 61 samples plus Leg 89 samples from Core 462A-80 to the bottom of the hole belong to Type 2 (intermediate TiO 2 and La) flows. Overlying these flows, from Core 462A-43 to Core 462A-79, are flows of Type 1 (lowest TiO 2 and La). The sill complex, which must be younger than the flows, consists of a lower part of Type 2 sills and an upper part of Type 3 (highest TiO 2 and La) sills. To a first order, the pattern displayed in Hole 462A is of a 250-mthick unit of low TiO 2 and La basalts more or less symmetrically sandwiched between thinner packets of more TiO 2 -and La-rich basalts.
The stratigraphic trends shown in Figures 2 and 12 are consistent with those presented by Saunders (this volume) and except for the twofold subdivision of the upper sill complex. It should be noted that we did not base this subdivision on chemistry and volcanic stratigraphy alone, but also on the (1) different mean stable inclinations of Cores 14 to 32 (upper sills) and Cores 36 to 41 (lower sills) (-51.8 ±7.2°, N = 35, and -42.5 ±11.2°, N = 12, respectively) , and (2) distinct and systematic differences in the Curie temperature, magnetic inclinations, and NRM paleomagnetic intensities of the opaque mineral contents of the upper and the lower sills (Steiner, 1981a and 1981b) . Fujii et al. (1981) for Leg 61 samples and the uniform 87 Sr/ 86 Sr ratio for these basalts is an excellent indication that the Nauru Basin igneous complex came from a common source. Figure 13 shows 87 Sr/ 86 Sr could be due to Sr exchange with seawater, but two lines of evidence argue against this possibility. First, leaching experiments do not affect the measured 87 Sr/ 86 Sr , and, second, the measured values for 18 samples (see Table 4 ; and Fujii et al., 1981) are very similar, not highly scattered as would be expected from seawater exchange. These isotope values are similar to those of oceanic island type basalts Mahoney, 1984) . The data of Table 4 , therefore, show the most striking differences between Nauru Basin basalts and N-type MORB.
Isotopic Ratios
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PETROGENESIS
In this section we focus on the evolution of the Nauru Basin basalts. First, we discuss possible petrogenetic relationships among the three chemical groups of Hole 462A basalts. We consider the possibilities that the three groups could be either related by simple shallow fractionation processes or represent distinct mantle melts with shallow fractionation effects superimposed. Second, we discuss some of the possible causes of the observed chemical differences between Nauru Basin basalts and MORB. Later, in the discussion section, we consider the origin of the Nauru Basin basalts in the broader context of their tectonic setting by comparison with off-ridge eruptive products in other oceanic regions.
In the following discussion, we assume that the compositions of Nauru Basin basalts are close to their original magmatic compositions. This assumption is clearly violated for volatile elements and perhaps also certain other components that are sensitive to secondary alteration processes (like K, Na, Mn, FeO/Fe 2 O 3 ). Nevertheless, for most elements of interest, it is reasonable to assume that the composition of these basalts has not been greatly affected by phenocryst accumulation or by alteration processes, because Nauru Basin basalts are generally aphyric and only moderately altered; this is shown by the low water content (see Table 3 ; and , low oxidation state of opaques (Steiner, 1981b) , and the small variation of major and trace elements of most of the samples analyzed (see Figs. 8-10 ; also Tokuyama and Batiza, 1981) . Coherent behavior of many of these elements would not be expected if these rocks had been subjected to great extents of seawater weathering (Ludden and Thompson, 1979; Seyfried and Bischoff, 1979) . Whole Rock δ 18 θ analyses also indicate that Nauru Basin basalts had been subjected to only about 5% al- teration on the average, which is low compared to oceanic layer 2 samples of comparable age in the Atlantic (Muehlenbachs, 1980) . Hence, the chemical effects of alteration on Site 462 basalts are not expected to be large, which means that the systematic geochemical variations of the basalts are most probably the result of primary magmatic processes and not of postsolidification alteration or other processes. The only possible exceptions to this are some of the rocks from the upper parts of the sill complex. Some of the upper sills contain granophyric patches and two generations of amphiboles produced by late magmatic alteration .
Fractional Crystallization
Qualitatively, the chemical differences among Types 1, 2, and 3 basalts are similar to those exhibited by many suites of oceanic basalts that are thought to be related by low pressure differentiation processes like loss of early-formed mineral phases. The expected chemical effects of such processes displayed by the groups of Nauru Basin basalts include: (1) increase of alkalies, and incompatible trace elements with decreasing Mg/(Mg + Fe 2+ ) × 100; (2) decrease of CaO and compatible trace elements with decreasing Mg/Fe; and (3) little change of most incompatible element ratios. Figure 14 shows that Nauru Basin samples are multiply saturated with olivine, Plagioclase, and clinopyroxene in agreement with petrographic observations, suggesting that subtraction of these phases from relatively primitive liquids to yield more evolved liquids is reasonable. However, Figure 14 shows that samples from each type display a great deal of scatter: no consistent relationships among the types of basalts are evident on this diagram. In contrast, Figures 8, 10 , and 11 suggest that Types 1, 2, and 3 may be related to each other by a simple process. Figure 15 shows that the Zr and Ni abundances of Site 462 basalts are only questionably consistent with the hypothesis that they could all be related by fractional crystallization. It shows that the samples exhibit a great deal of scatter and that many Type 2 samples deviate significantly from the expected Zr-Ni "crystallization" trend.
To test this hypothesis quantitatively we employed a mixing program similar to that of Bryan et al. (1969) . In these model calculations we used the chemical compositions of phenocrysts observed in the parental liquid. Table 5A shows that the residuals obtained in the production of average Type 2 basalt from average Type 1 basalt by the subtraction of olivine, spinel, clinopyroxene, and Plagioclase are very small (R 2 = 0.086). So it is reasonable to assume that Type 2 melt could be derived from Type 1 parent magma through fractional crystallization. The residuals obtained in the production of average Type 3 basalt from average Type 1 basalt are relatively much larger (Table 6A -R 2 = 1.094). We have tried other models, including the production of Type 3 by fractionating Type 2 basalts, but all give fairly poor results. Part of the problem could be in averaging analyses for the highly variable Type 3 basalts. In any case, simple fractional crystallization alone does not give a satisfactory solution for the derivation of Type 3 melt from Type 1 or Type 2 parent magma.
We tested this hypothesis further by computing the predicted trace element abundances for derived liquids. For this we computed bulk partition coefficients for the 
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solid assemblages that gave the best fit for major elements. These solid assemblages consist mostly of labradorite and augite with small amounts of olivine and FeTi oxides, which are consistent with experimental basalt crystallization data (Basaltic Volcanism Study Project, 1981; Bender et al., 1978) and models for the producing MORB ferrobasalts (Clague and Bunch, 1976) . Tables 5B and 6B also show that the predicted trace element abundances, using literature values for crystal-liquid partition coefficients and a perfect fractional crystallization model, closely match the observed abundances for average Type 2 basalt but not for average Type 3 basalt. Therefore, based on the preceding calculations, we can conclude that a simple crystal fractionation model seems to explain the compositional differences between Types 1 and 2 basalts. However, this explanation is not supported by the data for differences between Types 1 and 3 and between Types 2 and 3 basalts. Furthermore, three other observations keep us from suggesting that such a model is an adequate explanation for the petrogenesis of the Nauru Basin basalts. First, the La/Sm (Fig. 10) and Rb/Sr (Table 4; ratios for Type 3 basalts are higher than those for Types 1 and 2 basalts. Many workers have argued that fractional crystallization, especially at only about 35 °/o crystallized (from Table 6A and B), cannot effectively change these ratios (Basaltic Volcanism Study Project, 1981; Haskin, 1983) . Second, the Nauru Basin basalts comprise three distinct groups, rather than a continuous series of basalts with smoothly varying compositions, as expected for a simple model of continuous fractionation. The third problem has to do with the observed stratigraphicchemical relations. Instead of more and more fractionated basalts being younger than the most primitive (parental) composition, the most primitive Nauru Basin basalts are sandwiched between series of fractionated basalts.
It could be argued that the increase in La/Sm and Rb/Sr values is probably due to alteration. Altered samples of Site 462 basalts though, have lower total REE contents than the unaltered samples . Almost all of the Type 3 basalts that have higher La/Sm ratios also have the highest total REE concentrations.
Partial Melting
Previous melting studies have shown that Al 2 O 3 /TiO 2 and CaO/TiO 2 ratios increase as TiO 2 decreases with increasing amount of partial melting of peridotite (Jacques and Green, 1980; Sun et al., 1979) . As shown by Figure  8B and D, the Al 2 O 3 /TiO 2 and CaO/TiO 2 increase as TiO 2 decreases from basalt Types 3 to 2 to 1 of Nauru Basin. Each of the basalt types forms a discrete cluster and the overall trend parallels the inferred partial melting trend of MORB (Sun et al., 1979) . Partial melting is also more effective in increasing the La/Sm and Rb/Sr values than fractional crystallization (Basaltic Volcanism Study Project, 1981; Haskin, 1983) , especially for rocks that do not show a wide range of compositional variation like the Nauru Basin basalts. And because the three basalt types have identical 87 Sr/ 86 Sr values, we suggest that Types 1,2, and 3 could represent different degrees of partial melt of a common peridotite source.
We recognize that this model cannot explain all aspects of the observed chemical variation of Nauru Basin basalts as there are no basalts in either Types 1, 2, or 3 that could be primary melts of peridotite on the basis of some of the commonly accepted criteria for recognizing , and open circles are from samples from Units 1 to 12 (Type 3). Fields for mid-ocean ridge basalts (MORB), ocean island tholeiites (OIT) and oceanic island basalts (OIB) in C are from Bass et al. (1973) ; the field for FAMOUS area basalts in A is from Bryan et al. (1976) ; and the MORB fields in C and D are from Sun et al. (1979) . DSDP Site 462 data are from , Tokuyama and Batiza (1981) , Site 462 report, DSDP Leg 61 volume, ; and this chapter.
primitive liquids: (1) Mg number -70, and (2) Ni contents >210 ppm (Basaltic Volcanism Study Project, 1981; Frey et al., 1978; Fujii and Bougault, 1983) . All Site 462 samples are somewhat fractionated. Nevertheless, the most primitive analyzed compositions of Types 1 and 2 basalts closely approach inferred primary melt compositions and could be only slightly modified by early crystallization of olivine and possibly minor amounts of spinel ± Plagioclase ± clinopyroxene. Thus to a first order, adding olivine (F090) until the Mg number approached 70 will create "model" primary liquid composition for each basalt type (Frey et al., 1978) . The results of such calculations are presented in Table 7 . We recognize that this exercise is not strictly correct, but the firstorder models that we explore are not sensitive to these simplifying assumptions, as shown by the work of Frey et al. (1978) and Wright and Fisk (1971) . Table 8 shows the results of some very simple melting calculations for the major elements. We have started with a fairly refractory pyrolite composition from Sun et al. (1979) as a source. Because TiO 2 shows fairly good correlation with La (Figs. 12 and 16 ), we assume that Ti is perfectly incompatible during melting and compare the TiO 2 abundances of our "primitive" Types 1, 2, and 3 basalts to the peridotite source to determine percent partial melt for batch melting. After that, using a mass balance, we compute the chemical composition of the residue from partial melting to determine whether this residual composition is reasonable both chemically and in terms of normative CIPW mineralogy. This simple model suggests that Types 1,2, and 3 could be produced by batch melts of 22%, 19%, and 17%, respectively, leaving a depleted olivine-rich harzburgite residue. These results are in good agreement with the results of experimental partial melting studies for oceanic tholeiites (Jacques and Green, 1980; Presnall et al., 1978) .
To test further whether the partial melting model can also explain the differences in trace element concentra-
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Sm Eu Yb Lu Figure 9 . A. Chondrite-normalized REE abundances for MORB showing percent of analyzed MORB samples in each field (Basaltic Volcanism Study Project, 1981) and field of REE abundances for DSDP Leg 89 basalts. B. Chondrite-normalized REE abundances for DSDP Site 462 basalts and this chapter) . Note that Leg 89 basalts REE content (dots) plot within the REE range at 40% of MORB, and Site 462 basalts REE concentrations plot within the REE range of 90% of MORB (symbols as in Fig. 8 ).
tions of the three basalt types, we made batch melting calculations involving the REE. We opted to use a hypothetical spinel lherzolite with a reasonable mineralogy (0.65 olivine, 0.20 orthopyroxene, 0.10 clinopyroxene, and 0.05 spinel; Basaltic Volcanism Study Project, 1981) and of slightly depleted LREE composition as source of the basalts (see lower panel- Fig. 17A ). Modal batch melting of this source gives plausible results and suggests that they could be produced by about 20 to 35% (Type 1), 17 to 20% (Type 2), and 10 to 18% (Type 3) batch partial melting (see Figs. 17B and 9B ).
The partial melting models just presented are probably too simple to be realistic. Nevertheless, most of the results of our calculations are in agreement with previous studies (e.g., Frey et al., 1978; Jacques and Green, 1980; Sun et al., 1979) , hence we view our results as useful guides for understanding possible differences among the three Nauru Basin basalt types. In any case, the differences in the extents of partial melting cannot fully explain all the features of the Nauru Basin basalts (Fig. 17) . The melting process involved is most probably more complicated than the very simple formulation presented here. For example, Smewing and Potts (1976) have used incremental partial melting to explain the REE variations in (1981) . Note the slight deviation of the Type 3 data from the inferred "constant" La/Sm ratio for Nauru Basin. Sources of DSDP Site 462 data as in Figure 9 and symbols as in Figure 8 . the pillow lavas at the top of Troodos ophiolite. That suite of pillow lavas is similar in many respects to the Nauru Basin igneous complex. Furthermore, if melting differences are really important, then superimposed on these are the chemical effects of some fractionation process and possibly mixing (see Fig. 15 ) to lower the Ni content and Mg/(Mg + Fe 2+ ) × 100 of the primitive melts. Discussions on the effects of fractional crystallization plus mixing of magmas for each basalt type are presented in detail by Floyd (this volume) and by .
Differences and Similarities between Nauru Basin
Basalts and MORB Nauru Basin basalts are isotopically more similar to oceanic island-type basalts than to N-type MORB. They also differ from N-type MORB in the following respects: (1) spinels in Nauru Basin basalts have a higher Cr num- ber and lower Mg number than those in N-type MORB ; (2) coexisting spinel-olivine pairs in Nauru Basin basalts are both lower in Mg number than those in N-type MORB ; (3) Nauru Basin basalts have lower A1 2 O 3 / TiO 2 value at any given TiO 2 content than all types of MORB (see Fig. 8B ); and (4) they have higher La/Sm values than N-type MORB (see Figs. 9, 10, and 11) . Nauru Basin basalts also have lower whole rock TiO 2 and higher FeOVMgO contents at any given Mg value than most of the typical N-type MORB .
On the other hand, except for isotopic values, the overall similarities of the mineralogy and chemical composition and Nauru Basin basalts with those of MORB are more striking than their mineralogic and chemical differences. These differences could be simply due to tapping a source with lower Ti/Fe and Al/Ti values than most MORB. This would result in lower whole-rock TiO 2 and Al 2 O 3 /TiO 2 but higher FeO* values for Nauru Basin basalts than for MORB at the same degree of partial melting. Furthermore, near-primitive liquids with higher FeO* and lower Mg/Fe contents would be expected to produce spinel and olivine with correspondingly lower Mg number. The Nauru Basin igneous complex also is a tabular, sheetlike body rather than a series of conical volcanoes, and the alteration patterns observed downcore in Hole 462A are very similar to MORB Alt et al., in press) . Because the Nauru Basin is an area of smooth oceanic crust characterized by a well-defined magnetic-lineation pattern, Site 462 igneous complex is a very interesting example of MORB-like basalt with oceanic island-type basalt isotopic affinity.
DISCUSSION
If it were not for the discrepancy between the basement magnetic age and the inferred radiometric-paleontologic age of the Nauru Basin igneous complex (155 Ma and -135 Ma maximum, respectively: Larson, Schlanger, et al., 1981; Site report, this volume) , one could readily interpret that the basaltic flows of Hole 462A below 729 m represent normal oceanic layer 2. These basalts are compositionally similar to those from the Cósta Rica Rift (J. Natland, personal communication, 1984) , the AMAR area (Stakes et al., 1984) , and certain portions of the northern Indian Ocean (Frey et al., 1977) . But on the basis of the age constraints, the Nauru Basin igneous complex was clearly not formed at the same ridge crest that produced the M-series anomalies at Site 462. This intraplate volcanism could have been influenced by a mantle plume as evidenced by the thermally induced uplift of the 25 to 40 m.y. old lithosphere and the isotopic data (Table 4; Mahoney, 1984) . However, the morphol- the Plagioclase saturated olivine-diopside phase boundary at 1 atmosphere (Walker et al., 1979) ; the low Ca pyroxene boundaries at 10, 15, and 20 kb are also shown (Bryan et al., 1981) . Note that each of the basalt types generally exhibits the expected effects of fractional crystallization and perhaps mixing. Data sources as in Figure 9 and symbols as in Figure 8 .
ogy, undisturbed magnetic anomalies, and particularly petrology are not consistent with the formation of the complex by a mantle plume. What is required, then, is an off-ridge volcanic-tectonic environment to produce a thick (>600 m), tabular, MORB-like deposit without disturbing the M-series anomalies in the Basin . Hence, the volcanic activity should be vigorous but short-lived. It is possible that such an environment could have been created by several and closely spaced rifts propagating rapidly into the 25 to 40 m.y. old Nauru lithosphere. Modern analogies for this case may be the Easter platelet region (Hey et al., 1983; Engeln and Stein, 1984) , although the Nauru Basin case would have to be more complex because the lithosphere in the latter case is thicker (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) . This "off-ridge" (younger) but ridgelike volcanism may be a consequence of very rapid spreading (Hey et al., 1983) such as is inferred to have occurred at the Pacific-Farallon during the Late Cretaceous . Based on volcanic stratigraphy at Site 462, the ridgecrestlike volcanism and thermal resetting in the Nauru Basin probably started with the eruption of Type 2 lavas; this was followed by the eruption of Type 1 lavas and then by the intrusions of Type 2 and 3 sills. The later edifice-building stage, which covered a wide area in the western Pacific Basin with volcaniclastics and volcanic ash-rich sediments noted by Schlanger and Primoli Silva (1981) probably marked the end of this thermal and volcanic event. The exact timing of each of these short-lived volcanic episodes is not precisely known (Larson, Schlanger, et al., 1981) . This chemical-chronostratigraphic sequence is an important consideration for the petrogenesis of Site 462 basalts, because if partial melting differences are the chief cause of the observed geochemical variations in the igneous complex, then the stratigraphic succession could be interpreted as representing the waxing, apex, and waning stages of partial melting in the mantle beneath the Nauru Basin. The eruption of the lowest Type 2 lavas (17-20% melting) may mark the onset of thermal resetting in the area; the eruption of Type 1 lavas (20-35 % melting) could represent the peak of volcanism; and the intrusions of Types 2 and 3 sills (17-20% and 10-18% melting, respectively) could represent waning volcanism in the Nauru Basin. to Leg 61 basalts drilled previously at Site 462. (2) Three distinct stratigraphic and chemical groups of basalt are present in Hole 462A. These three groups could be related either by differences in degree of partial melting or by having undergone different extents of fractional crystallization at shallow depths, or a combination of both. We favor the hypothesis that partial melting differences modified by later fractional crystallization and possibly magma mixing at shallow depths contributed to the petrogenesis of Nauru Basin basalts. (3) The mineralogy and chemical composition of Nauru Basin basalts are within the observed ranges for all types of MORB. (4) Nauru Basin basalts are isotopically similar to ocean island-type basalts. (5) Based on the inferred basement and flow ages, we speculate that the Nauru Basin complex represents the volcanic product of a series of ridgecrestlike tectonic elements that originated on older lithosphere. Fast propagating rifts creating many tiny shortlived microplates during a magnetic quiet period could produce a widespread volcanic complex such as the Nauru Basin. If the series of new ridges produced by rift propagation were short-lived, then much, but not all, of the Nauru Basin would be underlain by older ocean crust and sediments accumulated during the 20 to 40 m.y. before rift propagation occurred. Note: We also tried deriving Type 3 basalt using Type 2 as the parent, but the fits are not very good, and we do not include examples here, j* Data from Table 3 , calculated on an anhydrous basis.
CONCLUSIONS
Average olivine composition from Tokuyama and Batiza (1981) . c Average spinel composition from Tokuyama and Batiza (1981) .
Average Plagioclase core composition from Tokuyama and Batiza (1981) . e Average pyroxene core composition from Tokuyama and Batiza (1981) . From Table 3 . Partition coefficients used in the calculations are from Bougault (1977) , Frey et al., (1978) , Haskin and Korotev (1977) , Irving (1980), and Paster et al. (1974) . Average Plagioclase core composition from Table 1 . e Silica-bearing magnetite from Shchecka (1981) .
Not included in the calculations because type 3 basalts have highly variable K 2 O contents (0.05-1.28 wt.%) that are most probably due to secondary alteration. 8 From Table 3 .
Partition coefficients used in the calculations are from Bougault (1977) , Frey et al. (1978) , Haskin and Korotev (1977) , Irving (1980), and Paster et al. (1974) . Figure 17 . The lower panel shows a range of chondrite-normalized REE abundances for analyzed LREE depleted spinel lherzolites (Basaltic Volcanism Study Project, 1981) and calculated REE concentrations for 10%, 15%, 20% and 35% partial melts of the most REE-rich spinel lherzolite superimposed on the REE range of DSDP Site 462 (Nauru) basalts. The upper panel illustrates the computed REE concentrations of 10%, 15%, 25%, and 30% partial melts of our preferred spinel lherzolite source superimposed on the REE range of DSDP Site 462 (Nauru) basalts. Note that the REE range of type 2 basalt is roughly within the REE concentrations of 15% to 22% partial melts of the estimated source. Partition coefficients used in the calculations are from Bougault (1977) , Frey et al. (1978) , Haskin and Korotev (1977) , Irving (1980) , and Paster et al. (1974) .
